A utophagy is an intracellular bulk degradation process whereby cytosolic, long-lived proteins and organelles are degraded and recycled. 1 Autophagy occurs at basal levels but can be further induced by stresses, such as nutrient depletion. 2 Autolysosomal degradation of membrane lipids and proteins generates free fatty acids and amino acids, which can be reused to maintain mitochondrial ATP production and protein synthesis, and promote cell survival. Disruption of this pathway prevents cell survival in diverse organisms. 2 Interestingly, autophagy also promotes programmed cell death in some circumstances. 3, 4 Thus, autophagy has a dual role in cell survival, although, in cardiac myocytes, it remains to be elucidated whether autophagy is required for survival, and is thereby salutary, or whether it mediates cell death, and is detrimental during pathologically relevant stresses, such as ischemia and reperfusion.
The mTOR (mammalian target of rapamycin) pathway is a key regulator of cell growth and proliferation and integrates signals regarding nutrients and growth factors to regulate many cellular processes, including ribosome biogenesis and metabolism. 5 The class I phosphatidylinositol 3-kinase/TOR pathway has been identified as a negative regulator of autophagy in mammalian cells. 6, 7 In addition, cellular ATP depletion also markedly inhibits mTOR without affecting phosphatidylinositol 3-kinase activation or intracellular amino acid levels. 8 In this case, in response to changes in the intracellular ATP/AMP ratio, 5Ј-AMP-activated protein kinase (AMPK) is activated and phosphorylates TSC2, thereby inhibiting mTOR. 9 Thus, the AMPK-mTOR pathway is thought to be an important regulator of autophagy in response to starvation, 10, 11 although there has been little direct evidence to support the critical involvement of AMPK in regulating autophagy of cardiac myocytes.
Autophagy is commonly observed in the heart with acute and chronic ischemia, heart failure, and aging. 12 We have recently shown that repetitive myocardial stunning induces autophagy in the pig heart. 13 In this model, although autophagy was observed in an area of the myocardium with less apoptosis, heart function was fully recovered after normalization of the coronary flow, 13 suggesting that autophagy may promote survival of hibernating myocardium. Induction of autophagy is also essential for survival of cardiac myocytes during neonatal starvation in vivo. 14 On the other hand, inhibition of autophagy, by 3-methyladenine (3-MA), an inhibitor of class III phosphatidylinositol 3-kinase, prevents death of H9c2 cells in vitro. 15 Thus, it remains unclear whether autophagy is required for survival or whether it mediates cell death and is detrimental for cardiac myocytes under pathological conditions. Elucidation of the function of autophagy in cardiac myocytes under stress may lead to the development of novel strategies to attain cardioprotection.
Thus, the goals of this study were (1) to establish both in vitro and in vivo models of autophagy in the heart and cardiac myocytes therein; (2) to determine the molecular mechanism mediating autophagy, including the AMPK-mTOR pathway and Beclin 1-dependent mechanisms, in cardiac myocytes; and (3) to examine the role of autophagy in mediating either survival or death of cardiac myocytes in response to ischemia and reperfusion.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
For starvation experiments, cardiac myocytes were washed 3 times with PBS and incubated in complete cardiac myocyte medium (CM), glucose-free medium, or amino acid-free medium. Glucosefree medium consisted of glucose-free and serum-free DMEM (11966-025; Invitrogen). Amino acid-free medium consisted of serum-free Hank's balanced salt solution (24020-117, Invitrogen). Heterozygous green fluorescent protein/light chain 3 (GFP-LC3) transgenic mice (strain GFP-LC3 no. 53, RIKEN BioResource Center, C57BL/6J background) containing a rat LC3/enhanced GFP fusion under the control of the chicken ␤-actin promoter, 16 heterozygous beclin 1 knockout mice (C57BL/6J background), 17 and transgenic mice with cardiac specific expression of a dominant negative ␣ 2 subunit of AMPK (D157A) (FVB background) 18 were bred in house.
Results

Glucose Deprivation Strongly Induces Cardiac Myocyte Autophagy
We searched for starvation conditions in which autophagy is induced in cardiac myocytes in vitro. Serum starvation, for up to 24 hours, did not increase the LC3-II to LC3-I ratio (LC3-II/LC3-I) ( Figure 1A ), which is an established indicator of autophagy, 19 suggesting that serum starvation alone is not sufficient to induce autophagy in cardiac myocytes. Under glucose deprivation (GD), however, LC3-II/LC3-I was significantly elevated compared with under CM ( Figure 1B ).
Amino acid deprivation (AAD) also increased LC3-II/LC3-I, but to a lesser extent than GD ( Figure 1B ). Punctate fluorescence staining, produced by exogenously introduced GFP-LC3, is used as a reliable indicator of autophagy. 19 Either GFP-LC3 or GFP alone was expressed in cardiac myocytes through adenovirus-mediated transduction. When GFP-LC3 was overexpressed in control myocytes, diffuse cytoplasmic staining was observed ( Figure 1C ). After GD, however, punctate staining of GFP-LC3 was extensively induced. AAD also increased GFP-LC3 dots, but to a lesser extent. When GFP alone was expressed, the punctate staining pattern of independent experiments. C and D, Cardiac myocytes were treated with CM (a), amino acid-free medium (b), or glucosefree medium (c) for 3 hours. In C, cardiac myocytes were transduced with Ad-GFP-LC3 (30 multiplicities of infection) 24 hours before GD or AAD. Representative images of GFP-LC3 staining (C) and electron microscopy (D) are shown. In C, light microscopic quantitation of GFP-LC3 dots is shown. Results are from 3 independent experiments. In D, autophagosomes and autolysosomes are indicated by arrows.
GFP was not observed (data not shown). Induction of autophagy was also confirmed using electron microscopy. Under normal conditions, autophagosomes and autolysosomes were rarely detected (Figure 1Da ), whereas their levels were increased with AAD ( Figure 1Db ) and were even greater with GD ( Figure 1Dc ). These results suggest that cardiac myocytes undergo autophagy in response to AAD or GD, but not to serum starvation alone.
Inhibition of Autophagy by 3-MA Enhances Cardiac Myocyte Death in Response to GD
Cardiac myocytes were treated with 3-MA for 24 hours under GD. Under these conditions, the previously observed increases in LC3-II/LC3-I and GFP-LC3 dots were not observed, indicating that starvation-induced autophagy was inhibited by 3-MA in cardiac myocytes (Figure 2A and 2B ). GD reduced cell viability to Ϸ60% at 72 hours ( Figure 2C ). GD-induced cell death was partially but significantly attenuated by either expression of Bcl-xL or treatment with a caspase inhibitor, suggesting that apoptosis plays an important role in mediating GD-induced cell death. Inhibition of autophagy by 3-MA significantly reduced cell viability and increased both caspase-dependent and -independent cell death in the presence of GD at 72 hours, suggesting that autophagy is protective against GD ( Figure 2D ; Figures I and II in the online data supplement). GD significantly reduced the cellular ATP content in cardiac myocytes and 3-MA further reduced it, consistent with the notion that autophagy preserves cellular ATP content during GD (supplemental Figure III) .
GD Activates AMPK and Inhibits mTOR and p70
S6K
Unique among many signaling molecules, the activity of mTOR is regulated not only by cellular levels of amino acids but also by those of ATP. 8 mTOR activity is negatively regulated by AMPK, a sensitive nutrient sensor. 9 When the cellular level of ATP/AMP is decreased, AMPK is activated and phosphorylates TSC2, thereby inhibiting mTOR. 9 Previous studies have suggested that mTOR plays an important role in mediating starvation-induced autophagy. 2 Although the involvement of AMPK in starvation-induced autophagy has been shown recently in hepatocytes, 10 this notion has not been clearly demonstrated in cardiac myocytes. Thus, we examined whether activation of AMPK and/or inhibition of mTOR coincided with the occurrence of autophagy in response to GD. GD resulted in a significant increase in the LC3-II/LC3-I and Thr172 AMPK phosphorylation, both of which occurred within 2 hours of GD and persisted for more than 24 hours ( Figure 3A and 3B). Activation of autophagy and AMPK by GD also coincided with decreases in Ser2481 phosphorylation of mTOR ( Figure 3A and 3B ). In addition, GD induced increases in Thr56 phosphorylation of eEF2, a downstream target of AMPK, and decreases in Thr389 phosphorylation of p70 S6K , a downstream target of mTOR ( Figure 3A and 3B). GD did not significantly affect protein expression of Beclin 1, another critical mediator of autophagy (supplemental Figure IV) . These results suggest that GD activates AMPK and inhibits mTOR, accompanied by stimulation of autophagy in cardiac myocytes.
Inhibition of AMPK Suppresses Autophagy While Increasing Cell Death in Response to GD
To examine whether AMPK is a critical mediator of autophagy, we treated cardiac myocytes with adenine 9-␤-Darabinofuranoside (Ara-A) (1 mmol/L), an AMPK inhibitor. 20 Ara-A decreased phosphorylation of AMPK in response to GD, accompanied by a nearly complete lack of increase in LC3-II/LC3-I ( Figure 4A ) and reduced cell viability ( Figure  4B ) under GD. Specific inhibition of AMPK, together with reduced phosphorylation of acetyl-coenzyme A carboxylase, an endogenous substrate of AMPK, and activation of mTOR, was also attained by adenovirus transduction of dominant negative AMPK (DN-AMPK), which was accompanied by attenuation of both the increase in LC3-II/LC3-I and cell survival after GD (supplemental Figure V) . These results suggest that activation of AMPK is required for induction of autophagy and protection of cardiac myocytes from cell death resulting from GD. Although treatment of cardiac myocytes with 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), a stimulator of AMPK 11 increased Thr172 phosphorylation of AMPK more than GD, it failed to increase LC3-II/LC3-I within 24 hours ( Figure 4C ), suggesting that activation of AMPK is required, but not sufficient, for induction of autophagy by GD.
To examine whether inactivation of mTOR is sufficient to induce autophagy, myocytes were treated with rapamycin. Rapamycin induced time-dependent inhibition of Thr389 phosphorylation of p70 S6K , suggesting that mTOR was inhibited. Under these conditions, LC3-II/LC3-I was significantly increased, suggesting that inhibition of mTOR is sufficient to induce autophagy. Furthermore, in the presence of GD, rapamycin treatment failed to show an additive effect on the increase in LC3-II/LC3-I ( Figure 4D ). Thus, GD and rapamycin use a common mechanism to induce autophagy, namely the inhibition of mTOR.
Ischemia or Ischemia/Reperfusion Injury Induces Autophagy in the Heart
To examine the role of autophagy in regulating cardiac myocyte survival/death in vivo, we searched for conditions in which autophagy is induced in the heart. The effect of GD on intracellular ATP content in cardiac myocytes in vitro is mimicked by myocardial ischemia in vivo. Thus, we examined whether autophagy was induced in mouse hearts with either ischemia (20 minutes) or ischemia (20 minutes)/ reperfusion (20 minutes). Both ischemia and ischemia/reperfusion (I/R) increased LC3-II/LC3-I ( Figure 5A and 5B). To further confirm induction of autophagosomes by myocardial ischemia and I/R, we used GFP-LC3 transgenic mice, 16 in which the punctate staining pattern of GFP-LC3 can be observed as a sensitive indicator of autophagy. The number of GFP-LC3 dots was significantly increased by ischemia alone and was further increased after I/R ( Figure 5C and 5D ). Parallel immunoblot analyses were conducted to detect the activity of the signaling molecules known as energy sensors. Although Thr172 phosphorylation of AMPK was increased by ischemia, phosphorylation of AMPK went back to normal after I/R ( Figure 5A and 5B). These results suggest that AMPK is activated by ischemia but not by I/R. In contrast, Thr389 phosphorylation of p70
S6K
, a downstream target of mTOR, was induced by I/R but not by ischemia alone ( Figure  5A ), suggesting that mTOR is activated during I/R. These results suggest that autophagy is induced by ischemia and persists during the reperfusion phase. Induction of autophagy in the ischemic phase was accompanied by activation of AMPK, mimicking the condition of GD. In contrast, autophagosome formation in the I/R phase was accompanied by inactivation of AMPK and activation of mTOR.
Autophagy Induced by Myocardial Ischemia Was Attenuated in Transgenic Mice With Cardiac-Specific Expression of DN-AMPK
To examine the role of AMPK in mediating autophagy during the ischemic phase in vivo, we used transgenic mice with cardiac specific expression of DN-AMPK (Tg-DN-AMPK). 18 Tg-DN-AMPK mice have a normal cardiac phenotype, and the level of apoptosis and autophagy was not significantly different from control nontransgenic mice at baseline (supplemental Tables I and II and supplemental Figures VI and  VII) . Tg-DN-AMPK mice have been shown to have enhanced impairment of left ventricular (LV) function and a greater decrease in glucose uptake during no-flow ischemia. 18 Moreover, it has been shown that Tg-DN-AMPK mice have enhanced apoptosis after ischemia and reperfusion. 21 Because AMPK is activated during ischemia, but not I/R, we examined how inhibition of AMPK affects autophagy during ischemia. We applied 30 minutes of ischemia in Tg-DN-AMPK or control nontransgenic mice. Increases in both Thr172 AMPK phosphorylation and LC3-II/LC3-I after 30 minutes of ischemia were significantly suppressed in Tg-DN-AMPK compared with nontransgenic mice (Figure 6 ), suggesting that both activation of AMPK and induction of autophagy are suppressed in Tg-DN-AMPK. These results suggest that AMPK is a critical regulator of autophagy in vivo during myocardial ischemia.
Both Autophagy and Myocardial Injury During I/R Are Attenuated in Beclin 1 ؉/؊ Mice
We further examined the mechanism by which autophagosome formation is further increased during I/R, as well as its functional significance. We have shown previously that expression of Beclin 1 is increased in hibernating myocardium in pigs. 13 In the mouse heart, expression of Beclin 1 in the area at risk was only slightly upregulated by ischemia alone, but its expression was dramatically enhanced after I/R ( Figure 7A ). To examine the role of Beclin 1 in mediating autophagy and cell survival during I/R, we used beclin 1 heterozygous knockout (beclin 1 ϩ/Ϫ ) mice. Heterozygous knock out of beclin 1 reduced the amount of Beclin 1 protein expression ( Figure 7B ) but failed to affect increases in LC3-II/LC3-I after ischemia (20 minutes) or I/R (20 minutes/20 minutes) (data not shown). To evaluate the extent of autophagosome formation, we quantitated the number of GFP-LC3 dots after ischemia and I/R in beclin 1 ϩ/Ϫ mice crossed with GFP-LC3 mice ( Figure 7C and 7D). The number of GFP-LC3 dots was significantly increased during ischemia and I/R in control GFP-LC3 mice. However, the increase in the number of GFP-LC3 dots during ischemia and reperfusion was significantly attenuated in GFP-LC3/beclin 1 ϩ/Ϫ cross mice. Thus, beclin 1 plays an essential role in mediating autophagy, especially at the step between LC3-II and autophagosome formation during both ischemia and reperfusion. Interestingly, the size of myocardial infarction/area at risk after I/R was significantly smaller in beclin 1 ϩ/Ϫ mice than in wild-type (WT) mice ( Figure 8A and 8B). Furthermore, the number of TUNEL-positive cells in the ischemic area was also smaller in beclin 1 ϩ/Ϫ mice than in WT mice ( Figure 8C and 8D). The reduced level of cell death in beclin 1 ϩ/Ϫ was not accompanied by enhanced activation of Akt (supplemental Figure VIII ). The fact that inhibition of autophagy during I/R was accompanied by decreases in apoptosis and myocardial infarction suggests that the functional significance of autophagy may differ between the ischemic and reperfusion phases, behaving in a manner that is protective in the former but possibly detrimental in the latter.
Discussion
Autophagy is stimulated by nutrient starvation and growth factor deprivation when cells are unable to take up external nutrients. 2 Interestingly, in cardiac myocytes, GD induced more prominent autophagy than AAD. Primary cultured cardiac myocytes exhibit remarkable tolerance against AAD, compared with transformed cell lines (our unpublished observation, 2006). The lack of cell proliferation or the availability of autocrine growth factors may, in part, alleviate the necessity of activating autophagy in cardiac myocytes under AAD. Autophagy is also activated by decreases in ATP in order for the cell to maintain energy homeostasis and survival. 2 In this study, autophagy was observed within 20 minutes of ischemia in the mouse heart in vivo, and the number of autophagosomes further increased during the reperfusion phase. Although the possibility that the accumulation of autophagosomes during either ischemia or I/R could be attributable to lysosomal dysfunction cannot be formally excluded, we believe that it is unlikely because increases in GFP-LC3 dots are blocked by inhibition of Beclin 1, a molecule involved in autophagosome formation. The time course of the appearance of autophagy seems faster than that of apoptosis, which is observed predominantly in the reperfusion phase. We have shown previously that autophagy, together with robust upregulation of cathepsin, is induced only after an initial burst of apoptosis in the pig model of chronic ischemia. 13 Autophagy may serve primarily to maintain energy production during acute ischemia but switch to clearing up damaged organelles during chronic ischemia or reperfusion.
One of the key findings in this report is that AMPK plays an essential role in mediating GD-or ischemia-induced autophagy in cardiac myocytes. Previous studies have suggested that mTOR, a sensor of the cellular nutrient status, is inhibited during energy starvation and that inhibition of mTOR stimulates autophagy. 6, 8 Consistent with these findings, our results suggest that induction of autophagy by GD and by rapamycin are mediated by a common mechanism, most likely inhibition of mTOR. The recent discovery that AMPK inhibits mTOR through phosphorylation of TSC2, together with the fact that AMPK is activated by a small decline in cytosolic ATP or an increase in AMP, has made AMPK an attractive candidate as a key regulator of autophagy. 9, 10 Yeast cells contain the AMPK homolog, snf1p, which is, indeed, required for autophagy. 22 Although AMPK either positively or negatively regulates autophagy in hepatocytes, 10, 11 it has not been clearly demonstrated that AMPK is required for autophagy in cardiac myocytes. In this study, strong activation of AMPK and inactivation of mTOR were induced by GD, which was well correlated with induction of autophagy in cardiac myocytes. Induction of autophagy during acute ischemia was also accompanied by activation of AMPK in the mouse heart in vivo. Activation of AMPK, as well as induction of autophagy by GD or ischemia, was significantly reduced by Ara-A or DN-AMPK. Thus, these results suggest that AMPK plays a critical role in mediating autophagy during GD and myocardial ischemia.
Because AMPK is no longer activated during reperfusion, however, autophagosome formation during reperfusion is unlikely to be mediated by AMPK. Importantly, increases in autophagosome formation in the reperfusion phase were accompanied by dramatic upregulation of Beclin 1 protein expression in the myocardium. Because accumulation of autophagosomes during both the ischemia and reperfusion phases was significantly attenuated in beclin 1 ϩ/Ϫ mice, upregulation of Beclin 1 seems likely to play an important role in mediating autophagy during the ischemia and reperfusion phases. It should be noted that LC3-II formation during the I/R phase was not attenuated in beclin 1 ϩ/Ϫ mice. In yeast, phosphatidyl ethanolamine conjugation of Atg8p (yeast homolog of LC3), equivalent with LC3-II formation, can take place in a atg6/vsp30 (beclin 1 homolog) mutant, whereas the recruitment of Atg8p to the preautophagosome structure does not take place in the same mutant. 23 Thus, it is likely that Beclin 1 is a rate-limiting factor of autophagosome formation from the available LC3-II in cardiac myocytes (See also supplemental Figure X) . Importantly, in the reperfusion phase, mTOR is no longer inactive, as evidenced by activation of p70 S6K , an effector of mTOR. Thus, autophagosome formation during the reperfusion phase could take place even in the absence of mTOR inhibition. It has been suggested recently that such mTOR-independent but Beclin 1-dependent autophagy mediates insulin-mediated clearance of protein aggregates in HeLa cells. 24 Thus, we propose that the AMPK-dependent signaling mechanism mediates autophagy during GD or ischemia, whereas in the reperfusion phase, beclin 1 mediates autophagy even after the energy supply and the activity of mTOR are restored (supplemental Figure XI) .
Although autophagy during energy starvation is generally protective, 25 induction of autophagy by other stimuli can lead to autophagic cell death, and thus can be detrimental.
Whether or not autophagy is protective against stresses has been controversial in cardiac myocytes. Both protective 26 and detrimental 15, 27 effects of autophagy have been reported, using either primary cardiac myocytes or cardiac cell lines in vitro (supplemental Table III ). The causative role of autophagy in mediating either survival or programmed cell death has not been tested in the adult heart in vivo. In this study, inhibition of GD-induced autophagy by 3-MA or Ara-A/DN-AMPK was accompanied by decreases in cell survival in cardiac myocytes in vitro. Furthermore, in Tg-DN-AMPK mice, a decrease in ischemia-induced autophagy was accompanied by cardiac dysfunction. 18 Although 3-MA, Ara-A, and DN-AMPK could theoretically affect cell survival though autophagy-independent mechanisms, 28 -30 these results collectively suggest that autophagy during GD or ischemia is protective in cardiac myocytes.
Importantly, however, our results also suggest that inhibition of autophagy through beclin 1 downregulation was protective during I/R in vivo. Inhibition of autophagy by beclin 1 knockdown also increases the cell viability in response to H 2 O 2 in cultured cardiac myocytes in vitro (supplemental Figure IX) . Thus, autophagy could be detrimental to cardiac myocytes both in vivo and in vitro in some circumstances. Autophagy may promote cell death often when other modalities of programmed cell death, such as apoptosis, are not available. 3, 4 However, apoptotic cell death mechanisms are competent in cardiac myocytes under I/R or H 2 O 2 . Thus, autophagy may not be a simple back-up mechanism of cell death during I/R. Interestingly, mTOR is not inactivated, whereas endogenous Beclin 1 is upregulated, during reperfusion. Thus, it is possible that mTOR (inhibition)-independent and Beclin 1-dependent autophagy, when cells are not in a starved condition, could be a detrimental process, in contrast to the energy-recovering process during starvation, which is essential for survival. Alternatively, judging from the remarkable upregulation of Beclin 1 during the reperfusion phase, overactivation of autophagy could simply be toxic (supplemental Figure XII) .
Furthermore, although beclin 1, an autophagy gene, is important in mediating the localization of other autophagy proteins to pre-autophagosomal structures, as part of a class III phosphatidylinositol 3-kinase complex, 17 the phenotype seen in beclin 1 ϩ/Ϫ mice could result from autophagyindependent functions of beclin 1. For example, heterozygous disruption of beclin 1 in mice results in increased spontaneous tumorigenesis. 17 In addition, Beclin 1 augments cisdiamminedichloroplatinum-induced apoptosis by enhancing caspase-9 activity. 31 Further investigation is therefore needed to clarify the role of autophagy in mediating cell survival or cell death in cardiac myocytes.
In summary, our results indicate that GD and myocardial ischemia stimulate autophagy through AMPK-and Beclin 1-dependent mechanisms. On the other hand, I/R could stimulate autophagy through Beclin 1-dependent mechanisms. Thus, specific modulation of autophagy, such as stimulation of AMPK or inhibition of Beclin 1, might be a novel strategy to enhance survival under ischemia and protect against cardiac myocyte death from reperfusion injury in vivo. 
Data supplement Expanded Materials and Methods
All animal protocols were approved by the review board of the Institutional Animal Care and Use Committee of the University of Medicine and Dentistry of New Jersey.
Primary culture of neonatal rat ventricular myocytes
Primary cultures of ventricular cardiac myocytes were prepared from 1-day-old Crl: (WI) BR-Wistar rats (Charles River Laboratories) 1 . A cardiac myocyte-rich fraction was obtained by centrifugation through a discontinuous Percoll gradient. Cells were cultured in complete medium (CM) containing Dulbecco's modified Eagle's medium (DMEM)/F-12 supplemented with 5% horse serum, 4 µg/ml transferrin, 0.7 ng/ml sodium selenite (Life Technologies, Inc.), 2 g/liter bovine serum albumin (fraction V), 3 mM pyruvic acid, 15 mM HEPES, 100 µM ascorbic acid, 100 µg/ml ampicillin, 5 µg/ml linoleic acid and 100 µM 5-bromo-2'-deoxyuridine (Sigma).
Starvation and drug treatment of cells
To obtain starvation conditions, cardiac myocytes were washed three times with phosphate buffered saline (PBS) and incubated in complete medium, glucose free medium, or amino acid free medium in the presence or absence of 10 mM 3-methyladenine (3MA, Sigma) at 37°C. Glucose free medium consisted of glucose-free, serum-free DMEM (11966-025, Invitrogen). Amino acid free medium consisted of amino acid-free, serum-free Hanks Balanced Salt Solution (24020-117, Invitrogen).
Viability of the cells
Viability of the cells was measured by Cell Titer Blue (CTB) assays (Promega). In brief, cardiac myocytes (1 X10 5 per 100μl) were seeded onto 96-well dishes. After 24 hr, the cells were incubated with CM, glucose free medium, or amino acid free medium in the presence or absence of 3MA (10 mM), Ara-A (1 mM), or adenovirus vectors. Viable cell numbers were measured on the indicated days by the CTB assay. The CTB assays were performed according to the supplier's protocol. The experiments were conducted in triplicate at least three times.
Assays for apoptosis
Histone-associated DNA fragments were quantitated by the Cell Death Detection ELISA (Roche) 2 . For TUNEL assays, myocytes were fixed in PBS containing 3.7%
formaldehyde. TUNEL staining was performed using the In Situ Cell Death Detection kit (Roche).
Measurement of intracellular ATP contents
Intracellular ATP content was measured using an ATP bioluminescent assay kit (Sigma).
Cells were lysed directly in somatic-cell ATP-releasing agent, and the lysates were assayed according to the manufacturer's instructions, using a 1:25 dilution of the ATP assay mix. Light emitted was measured using a luminometer. ATP content was calculated by comparison with a standard curve derived from known concentrations of ATP, ranging from 0.01 to 10 pmol.
cDNA GFP-LC3 was previously described 3 . The cDNA of wild type human beclin 1 was purchased from Invitrogen.
Construction of adenoviruses
Recombinant adenovirus vectors were constructed, propagated, and titered as previously 
Immunoblot analysis
For immunoblot analysis, cells were lysed in lysis buffer (2% IGEPAL, 0.2% SDS in PBS supplemented with protease inhibitors). Immunoblot blotting was performed as previously described 4 . An antibody against recombinant rat LC3 has been described previously 3 . The antibodies used include anti-phospho-AMPKα (Thr172), AMPK, phospho-mTOR (Ser2481), mTOR, phospho-p70 S6K (Thr389), p70
S6K
, phospho-eEF2 (Thr56), eEF2, and cleaved-caspase 3 (Cell Signaling) and anti-Bcl-xL and Beclin 1 (Pharmingen). Densitometric analysis was performed using Scion Image software (Scion).
Electron microscopy
Conventional electron microscopy was performed as described previously 3 . In brief, cardiac myocytes were fixed in Karnofsky's fixative, and then postfixed in 1% osmium tetraoxide, dehydrated in a graded series of acetone concentrations, and embedded in Sparr resin. Sections of 98 nm thickness were placed on copper grids that were doublestained with uranyl acetate and lead citrate. Discs were examined with a JEOL 1200 electron microscope.
Mouse models
Heterozygous GFP-LC3 transgenic mice (C57BL/6J background, strain GFP-LC3#53, RIKEN BioResource Center) containing a rat LC3-EGFP fusion under control of the chicken ß-actin promoter 6 , heterozygous beclin 1 knock out mice (C57BL/6J background) 7 , and transgenic mice with cardiac specific expression of a dominant negative α2 subunit of AMPK (D157A) (FVB background) 8 were bred in house.
I/R surgery in vivo
Pathogen-free mice were housed in a temperature-controlled environment with 12-hr light/dark cycles where they received food and water ad libitum. Mice were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg). A rodent ventilator (model 683; Harvard Apparatus Inc) was used with 65% oxygen during the surgical procedure. The animals were kept warm using heat lamps and heating pads. Rectal temperature was monitored and maintained between 36.8 and 37.2°C. The chest was opened by a horizontal incision through the muscle between the ribs (third intercostal space). Ischemia was achieved by ligating the anterior descending branch of the left coronary artery (LAD) using an 8-0 nylon suture, with a silicon tubing (1 mm OD) placed on top of the LAD, 2 mm below the border between left atrium and LV. Regional ischemia was confirmed by ECG change (ST elevation). After occlusion for 20 min, some mice were sacrificed and hearts were harvested. In other mice, the silicon tubing was removed to achieve reperfusion after 20 min occlusion and hearts were harvested after 20 min, 2 hours or 24 hours of reperfusion. Since DN-AMPK mice were generated on an FVB background, which is generally more resistant to ischemia, we applied 30 min ischemia to these mice, 10 min longer than for other strains.
Assessment of area at risk and infarct size
After I/R, the animals were reanesthetized and intubated, and the chest was opened. After arresting the heart at the diastolic phase by KCl injection, the ascending aorta was canulated and perfused with saline to wash out blood. The LAD was occluded with the same suture, which had been left at the site of the ligation. To demarcate the ischemic area at risk (AAR), Alcian blue dye (1%) was perfused into the aorta and coronary arteries. Hearts were excised, and LVs were sliced into 1-mm thick cross sections. The heart sections were then incubated with a 1% triphenyltetrazolium chloride solution at Supplement page 5 by guest on February 21, 2013 http://circres.ahajournals.org/ Downloaded from 37°C for 10 min. The infarct area (pale), the AAR (not blue), and the total LV area from both sides of each section were measured using Adobe Photoshop (Adobe Systems Inc.), and the values obtained were averaged. The percentage of area of infarction and AAR of each section were multiplied by the weight of the section and then totaled from all sections. AAR/LV and infarct area/AAR were expressed as a percentage.
Evaluation of apoptosis in tissue sections
DNA fragmentation was detected in situ using TUNEL, as described 4 . Briefly, deparaffinized sections were incubated with proteinase K, and DNA fragments were labeled with fluorescein-conjugated dUTP using TdT (Roche Molecular Biochemicals).
Nuclear density was determined by manual counting of DAPI-stained nuclei in six fields for each animal using the 40x objective, and the number of TUNEL-positive nuclei counted by examining the entire section using the same power objective 4 .
Fluorescence microscopy
Cardiac myocytes grown on gelatinized coverslips were transduced with Ad-GFP-LC3.
After 48 hr, media were changed to complete, glucose free, amino acid free or serum free with or without 3-MA, and the fluorescence of GFP-LC3 was observed under a fluorescence microscope as previously described 6 . Tissue samples for GFP observation were prepared as follows. To prevent induction of autophagy during tissue preparation, mice were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg) and immediately fixed by perfusion through the left ventricle with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB; pH 7.4). Tissues were harvested and further fixed with the same fixative for at least 4 hr, followed by treatment with 15% sucrose in PBS for 4 hr and then with 30% sucrose solution overnight. Tissue samples were embedded in Tissue-Tek OCT compound (Sakura Finetechnical Co., Ltd.) and stored at -70°C. The samples were sectioned at 5-7-µm thickness with a cryostat (CM3050 S, Leica), air-dried for 30 min, and stored at -20°C until use. Samples were mounted using SlowFade Light Antifade Kit (Molecular Probes), and the fluorescence of GFP-LC3 was observed under a fluorescence microscope as previously described 6 . The number of GFP-LC3 dots was counted in five independent visual fields from at least three independent mice.
Statistics
All values are expressed as mean ± SEM. Statistical analyses between groups were done by one-way ANOVA, and when F values were significant at a 95% confidence limit, differences among group means were evaluated using Fisher's project least significant difference post test procedure for group data, with a P value less than 0.05 considered significant. Figure S12 summarizes the role of autophagy in mediating either cell protection or cell death in response to I/R or other stresses in the heart. We propose that mild autophagy, such as is induced by mild ischemia alone, could be beneficial. However, autophagy induced by moderate or severe I/R induces autophagic cell death, and is therefore detrimental. It should be noted that prolonged ischemia alone simply induces cell death.
Supplemental Results
Beclin 1 knock down inhibits rapamycin-induced autophagy in cultured cardiac
Mild autophagy is induced by activation of AMPK. Such autophagy may not be too strong because autophagy requires ATP. On the other hand, severe I/R stimulates Beclin 1, thereby inducing strong autophagy which could lead to the autophagic cell death.
